Anatomical correction of complete transposition of the great arteries has the potential advantage over intra-atrial repair in that the left ventricle becomes the systemic pump. To investigate the importance of this, we evaluated right and left ventricular function in 21 patients after anatomical correction and in 21 patients after Mustard or Senning operations. First-pass and equilibrium-gated radionuclide angiography were used to measure right and left ventricular ejection fractions between 17 and 78 (mean, 47) months after anatomical correction and between 3 and 187 (mean, 67) months after intra-atrial repair. The mean age of the patient groups at the time of study was 52 and 84 months, respectively. The right ventricular ejection fraction ranged from 35% to 78% (mean, 58%) in patients after anatomical correction and from 27% to 68% (mean, 51%) after intra-atrial repair (p=0.066). The left ventricular ejection fraction ranged from 39%1 to 74% (mean, 58%) after anatomical correction and from 35% to 74% (mean, 58%) after intra-atrial repair (p=0.86). The mean right and left ventricular ejection fractions of both groups were significantly lower than those of normal children. Individuals with systemic ventricular dysfunction were identified after both types of operations; however, symptomatic dysfunction occurred only after intra-atrial repair (p =0.24). (Circulation 1990;82:808-816) T he occurrence of systemic ventricular dysfunction in a significant number of patients after Mustard and Senning operations1-3 has been documented. The cause of this dysfunction remains uncertain. It has been suggested that the right ventricle is unable to sustain systemic pressure loads in the long-term because of various morphological features4 or preoperative hypoxemia and intraoperative factors.5 Some or all of these factors may influence the left ventricle also. This has stimulated the development of anatomical correction for complete transposition of the great arteries (TGA ventricular function after anatomical correction,7-10 but little information is available on ventricular function in the medium-term.11'12 The purpose of this study was to investigate right and left ventricular function in patients who had undergone anatomical correction or intra-atrial repair operations for TGA by the same investigative methods for both groups of patients. We attempted to identify the factors contributing to right ventricular dysfunction after Mustard and Senning operations and to investigate whether left ventricular dysfunction occurred after anatomical correction.
T he occurrence of systemic ventricular dysfunction in a significant number of patients after Mustard and Senning operations1-3 has been documented. The cause of this dysfunction remains uncertain. It has been suggested that the right ventricle is unable to sustain systemic pressure loads in the long-term because of various morphological features4 or preoperative hypoxemia and intraoperative factors.5 Some or all of these factors may influence the left ventricle also. This has stimulated the development of anatomical correction for complete transposition of the great arteries (TGA).46 Postoperative studies have shown good early left ventricular function after anatomical correction,7-10 but little information is available on ventricular function in the medium-term.11 '12 The purpose of this study was to investigate right and left ventricular function in patients who had undergone anatomical correction or intra-atrial repair operations for TGA by the same investigative methods for both groups of patients. We attempted to identify the factors contributing to right ventricular dysfunction after Mustard and Senning operations and to investigate whether left ventricular dysfunction occurred after anatomical correction. Methods 
Anatomical Correction
Twenty-one patients who had undergone anatomical correction of TGA at Harefield Hospital were studied. The age of the patients at the time of the study ranged from 17 to 85 months (mean, 51.8 months). The studies were performed between 17 and 78 months after operation (mean, 47 months). 809 The technique of anatomical correction has been described previously.'3 All operations were performed by one surgeon (M.H.Y.). The age of patients at the time of anatomical correction ranged from 3 days to 19 months (mean, 4.7 months). Seventeen patients had TGA with an intact ventricular septum of whom 10 had undergone primary anatomical correction during the neonatal period. The remaining seven had undergone a two-stage correction with a preliminary pulmonary artery banding to "prepare" the left ventricle for subsequent anatomical correction.14 Anatomical correction combined with closure of a large ventricular septal defect had been performed in an additional four patients. All operations had been performed under profound hypothermia to an esophageal temperature ranging from 100 to 180 C. In 12 patients, repair was performed during a period of circulatory arrest lasting between 51 and 72 minutes. In the remainder, profound hypothermia was combined with low-flow cardiopulmonary bypass and either no circulatory arrest (six patients) or short periods of circulatory arrest of 12, 20, and 28 minutes in three patients.
Intra-Atrial Repair
Twenty-one patients who had undergone intraatrial repair for TGA were studied. The studies were performed between 3 and 187 months after operation (mean, 67 months). The patients studied after intra-atrial repair were selected irrespective of symptoms as part of a routine evaluation program of all patients who underwent intra-atrial repair and were under outpatient followup at Guy's Hospital. Those patients with residual systemic-to-pulmonary shunts were excluded from the study because of inaccuracies in determining right ventricular ejection fraction from first-pass radionuclide angiograms when a shunt is present. As in the anatomical correction group, patients under 1 year of age were excluded.
As judged by the most recent echocardiographic examination, we believe these patients to be representative of the survivors of intra-atrial repair at Guy's Hospital.
We did not attempt to match the patients for age, sex, body surface area, or duration of postoperative follow-up. The operations were performed by different surgeons using various techniques and methods of myocardial preservation. No 3, September 1990 obstruction to the superior vena caval limb of the systemic venous baffle. Concurrent electrocardiographic examination showed that 16 patients were in sinus rhythm, two in junctional rhythm, and one in atrial fibrillation.
Radionuclide Angiography
First-pass and equilibrium-gated blood pool scans were obtained in each patient. In all patients, right ventricular function has been assessed by the firstpass technique and left ventricular function by the equilibrium-gated scan. Patients less than 5 years old were sedated with chloral hydrate 60 mg/kg body wt. Occasionally, an additional, intravenous dose of diazepam was required for adequate sedation. Technetium-99m-labeled autologous red blood cells were injected as a rapid compact bolus through a peripheral venous cannula. The dose of the radionuclide administered was 430 MBq/m2. The first-pass study was acquired in the anterior projection for a period of 20-30 seconds. A single crystal gamma camera with a general purpose collimator was used for data acquisition. The data were stored in list mode with a synchronous electrocardiogram buffer on a magnetic disk. After acquisition of the first-pass study, equilibrium-gated radionuclide angiograms were obtained in the anterior and left anterior oblique projections. The data were collected in 18 frames/ cardiac cycle, and 3.5 x 106 counts were acquired for each projection.
Right ventricular ejection fraction was calculated from the first-pass angiogram with a previously described method. 16 The first-pass data were reconstructed as a dynamic study of 1 frame/sec. The timing of the passage of the radionuclide bolus through the right ventricle was observed. Right ventricular transit usually lasted between 3 and 5 seconds. In patients after intra-atrial repair operations, this phase occurred after the radionuclide tracer had passed through the pulmonary circulation, whereas in patients after anatomical correction, a normal sequence of cardiac chamber filling was present. An 18-frame/cardiac cycle electrocardiogram-gated angiogram was generated from the right ventricular phase of the first-pass study. A region of interest was then drawn around the right ventricle on the first frame of the gated study, and a time-activity curve was generated. The end-systolic and end-diastolic frames were chosen as the frames with the minimum and maximum counts, respectively. By subtraction of the end-systolic from the end-diastolic frame, a stroke-volume image was produced. This was used to draw the diastolic right ventricular region of interest because it clearly demarcated the border between the right ventricle and right atrium. A separate systolic region of interest was then drawn on the end-systolic frame taking care to exclude right atrial activity from this region. A systolic background region of interest was drawn as a horseshoe around the apex of the right ventricle. The right ventricular ejection fraction was calculated from the background-corrected enddiastolic and end-systolic counts of the first-pass angiogram.
The first-pass studies were separately analyzed for the presence of a systemic-to-pulmonary shunt.17 As mentioned previously, patients with a significant shunt have been excluded from this study because of interference with the drawing of the right ventricular regions of interest.
In our laboratory, the normal range for the right ventricular ejection fraction for children is 50-78% (mean±SD 64±7%). 16 Left ventricular ejection fraction was determined from the electrocardiogram-gated equilibrium scans acquired in the left anterior oblique projection. 18 Analysis of the studies was performed with an enddiastolic left ventricular region of interest drawn from the stroke volume image in a similar manner to the right ventricular analysis. A computer-derived diastolic region of interest lateral and inferior to the left ventricle was used for background correction.
In our laboratory, the normal range for left ventricular ejection fraction for children is 55-76% (mean±SD, 65.6±5.4%).18
In patients who had undergone anatomical correction of TGA, regional wall motion of the left ventricle was evaluated by visual inspection of cine buffers of the scans acquired in the anterior and left anterior oblique projections and by reconstruction of phase images. '6 Critique of the Radionuclide Investigation Radionuclide angiography is a well-established technique for the assessment of right and left ventricular function. However, it does not take into account the different loading conditions. It also does not rely on assumptions of ventricular shape, which are inherent in echocardiographic measurements of right and left ventricular ejection fraction. The loading conditions of the systemic ventricles after both types of repair should not be different, and in clinical practice, these methods of measuring ejection fractions are extensively used. The particular technique used in this study has been previously validated at our institution in patients with congenital heart disease. Reproducibility studies have shown good intraobserver and interobserver correlations. For the first-pass technique, the intraobserver correlation coefficient is 0.9619 and the interobserver correlation coefficient is 0.93. 16 The latter is based on analysis of 20 first-pass angiograms by two observers, and the mean+SD difference between the two ejection fractions was 3±2%. Similar intraobserver and interobserver studies for the equilibrium technique gave correlation coefficients of 0.96 and 0.91, respectively.20
Radionuclide angiography requires the placement of an intravenous cannula but is otherwise noninvasive and can be performed on an outpatient basis. It is, thus, ideal for serial monitoring of ventricular function during postoperative follow-up and precludes the need for cardiac catheterization. 12 9 RVEF, right ventricular ejection fraction; LVEF, left ventricular ejection fraction; primary, anatomical correction without previous pulmonary artery banding; two stage, two stage anatomical correction; +VSD, operative repair combined with closure of a ventricular septal defect.
Statistical Analysis
Population means were compared by the Student's t test. Where appropriate, the x2 or the Fisher's exact test was used to compare differences between groups. Linear regression analysis was used to-correlate different variables. The null hypothesis was rejected ifp was less than 0.05.
Results
The overall results for the two groups are summarized in Tables 1 and 2 .
Systemic Ventricular Function After Intra-Atrial Repair and Anatomical Correction
The systemic ventricular ejection fraction after intra-atrial repair (mean+SD, 51 ± 11%; range, 27-68%) was significantly lower than that after anatomical correction (mean±SD, 58±9%; range, 39-74%) (p=0.017). However, eight (38%) patients in the intra-atrial repair group and six (29%) in the anatomical correction group had subnormal systemic ventricular ejection fractions (p=0.74). Subnormal ventricular ejection fraction was defined as less than 50% for the right ventricle and less than 55% for the left ventricle. The frequency distribution of the ejection fraction after both types of repair is shown in Figures-1 and 2 .
Influence of Type of Operation on Systemic Ventricular Function
In patients after intra-atrial repair, the right ventricular ejection' fraction in the Mustard subgroup ranged from 27% to 65% (mean+ SD, 48±11%), and that in the Senning subgroup ranged from 41% to 68% (mean+SD, 54±10%) (p=0.22). ' In patients after primary neonatal anatomical correction,'the left ventricular ejection fraction ranged from 40% to 74% (mean+SD, 60+10%); after primary correction combined with closure of ventricular septal defect, it ranged from 61% to 64% (mean+ SD, 63±1%) and after two-stage correction, it ranged from 39% to 64% (mean±SD, 54±8%).
There was a significant difference in left ventricular ejection fraction between those who underwent twostage operation and those who had primary correction with closure of ventricular septal defect (p=0.029). However, only four patients were in the latter group. Although the left ventricular ejection fraction was higher in patients after primary correction than after a two-stage repair, this difference was not significant. Influence ofAge at Operation on Systemic Ventricular Function There was no significant correlation (r=0.04) between the age at operation and subsequent right The pulmonary ventricular function (left ventricular ejection fraction) in the patients who had intraatrial repair ranged from 35% to 74% (mean+SD, 58±11%). Eight (38%) patients had left ventricular ejection fraction below our normal value of 55%.
The pulmonary ventricular function (right ventricular ejection fraction) in the patients who had ana- . Although we have identified patients in both groups with systemic ventricular dysfunction, it is important to emphasize that ventricular function was preserved in most patients after intra-atrial repair and anatomical correction. After intra-atrial repair, mean systemic ejection fraction was significantly lower than that after anatomical correction. This must be interpreted with caution because the normal range for ejection fraction is different for the two groups and the incidence of subnormal ventricular function in each group was similar. It may be more appropriate to compare right ventricle with right ventricle and similarly for the left. Although the right ventricular ejection fraction in the intra-atrial repair group was lower than that in the anatomical correction group, the difference was not significant. According to this comparison, the loading conditions for the two groups are probably different.
Previous studies of left ventricular function after anatomical correction have not shown a significant incidence of dysfunction. This study has a longer duration of follow-up than previous studies. This longer duration alone is unlikely to account for the incidence of dysfunction because there was no significant relation between duration of follow-up and left ventricular ejection fraction. An alternative explanation may be that the normal ranges quoted are not appropriate for these patients. The left ventricle in transposition has been shown to have certain morphological differences from the normal left ventricle. The interventricular septum is flatter, and the ratio of outlet-to-inlet length is increased.25 Whether this affects left ventricular ejection fraction is not known.
There is concern that myocardial infarction or ischemia, related to coronary artery transfer, may influence ventricular function. There was no evidence of regional wall motion abnormality, and postoperative aortic root angiograms did not show coronary occlusion or stenosis in these patients. Thus, these conditions appear to be an unlikely cause of the left ventricular dysfunction in these patients. Right Ventricular Function After Anatomical Correction After anatomical correction, most patients had normal right ventricular ejection fraction; however, abnormal ejection fraction of varying degree was found in six (32%) patients. One of these with the lowest right ventricular ejection fraction had a dilated right ventricle with an ejection fraction of 35%, possibly as a result of increased loading conditions. This patient was shown to have severe supravalvar pulmonary stenosis with suprasystemic right ventricular pressure at cardiac catheterization before this study. Yet, some patients with significant supravalvar pulmonary stenosis continued to maintain a normal right ventricular ejection fraction. We cannot be sure of the contribution of the altered load to the right ventricle dysfunction because increased load did not consistently produce abnormalities of right ventricular ejection fraction. It is debatable whether the right ventricle in TGA responds differently to an increased or systemic load compared with the response in patients with isolated pulmonary stenosis.
Left Ventricular Function After Intra-Atrial Repair After intra-atrial repair, most patients had a left ventricular function that was generally well preserved. Thirty-eight percent of these patients had subnormal left ventricular ejection fractions. Only one had undergone hemodynamic assessment, and therefore, pulmonary vascular resistance and left ventricular pressure are not known in most. In some of these patients, the abnormal left ventricular ejection fraction was also associated with right ventricular dysfunction, suggesting that a generalized insult to ventricular function such as preoperative hypoxia or perioperative ischemia occurred. Residual subpulmonary stenosis or pulmonary hypertension may contribute to the dysfunction in some patients.
Influence of Preoperative and Operative Variables on Ventricular Function
This study did not identify any significant influences on ventricular function by various factors such as preoperative hemoglobin level, duration of ischemia, cardiopulmonary bypass time, age at operation, duration of postoperative follow-up, and type of operation on subsequent ventricular function. Because of the wide range of normal values for right and left ventricular ejection fractions, only major influences would likely be revealed by a study as small as this one. A larger study would be required to show less major, but clinically important, influences on ventricular function in this heterogeneous group of patients.
Conclusions
This study demonstrates that right and left ventricular function is generally well preserved after anatomical correction and intra-atrial repair for TGA. Ventricular dysfunction occurs after both types of operations. Its etiology is undetermined and merits further evaluation by longitudinal study.
